Overnutrition during pregnancy could increase risks of cardiovascular diseases in late life. This study investigated whether and how reactive oxygen species (ROS) may influence functions of large-conductance Ca 2+ -activated K + channels (BK Ca ) in the offspring exposed to prenatal high sucrose (HS). We found that prenatal HS diets significantly increased phenylephrine (PE)-induced vessel contractions in mesenteric arteries of the adult offspring. Pretreatment with iberiotoxin (BK Ca blocker, IBTX) significantly increased PE-mediated vascular contractions in the control, not in the HS group. Electrophysiological studies demonstrated that BK Ca current density and singlechannel current were reduced in the vascular smooth muscle cells (VSMCs) of the HS offspring. The expression of BK Ca alpha, beta1 subunits in mesenteric arteries was decreased in the HS offspring, indicating that both activity and number of BK Ca channels in HS offspring were reduced. Superoxide production and NADPH oxidase (NOX)4 of the HS offspring were elevated. Following inhibiting NOX by apocynin, vasoconstriction in the HS offspring was weakened and the reduced currents in the VSMCs were improved with altered protein kinase B (AKT) pathway. The results suggested that NOX4-derived ROS might inhibit the offspring vascular BK Ca channel activity via AKT pathway.
Introduction
Previous studies have demonstrated that adverse intrauterine conditions may increase risks of cardiovascular diseases in later adult life [1, 2] . An ever-growing evidence base demonstrates that high-sucrose (HS) diets during pregnancy may lead to abnormal vascular development of offspring [3, 4] . Excessive consumption of sugar during pregnancy could cause metabolic disorders (such as hyperglycemia and hyperlipidemia [4] ) in adult offspring. However, there has been limited information on underlying mechanisms about whether and how prenatal high sugar intake could lead to vascular diseases in the offspring.
Reactive oxygen species (ROS) are reactive chemical species containing oxygen, including oxygen free radicals, nonradical oxidizing agents such as hydrogen peroxide, hypochlorous acid, and ozone, which can be converted to radicals easily [5] . Under environmental stress, intracellular ROS can be increased dramatically, damaging proteins and DNA as well as activating redox signaling, resulting in systemic metabolic disorders, including hyperglycemia [6] , insulin resistance [7, 8] , and nonalcoholic fatty liver disease [9] . Among the most important ROS sources in mammalian cells are nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complexes. Previous studies showed that hyperglycemia could increase NADPH oxidase (NOX) expression [10] . Moreover, abnormal NOX-derived ROS played an important role in vascular problems [6] , including neurocardiovascular dysfunctions [11] and Slo1 large-conductance Ca 2+ -activated K + channel (BK Ca ) functional disorders [12] .
Different from other K + channels, BK Ca is activated by intracellular Ca 2+ and voltage. Because conductance of BK Ca is much larger than that of other K + channels, particularly in high resistance vessels, BK Ca significantly influences membrane potential. In vascular smooth muscle cells (VSMCs), activation of BK Ca can control membrane hyperpolarization and vascular relaxation [13] . Thus, BK Ca channels play an important role in the maintenance of vascular tone and membrane potential in microvessels [14, 15] . Besides Ca 2+ and voltage, the activity of BK Ca can be regulated by a wide variety of molecules, including metabolites of arachidonic acids, cyclic GMP, and 17β-estradiol [16, 17] . In addition, the protein kinase B (AKT)/ F-box only 32 (FBXO32)-dependent signaling pathway and NO/ PKG-1-dependent signaling pathway are responsible for the downregulation of BK Ca channels [6, 18] . AKT kinase plays a critical role in a variety of pathways and cellular processes. The transcription factor, forkhead box O transcription factor-3a (FOXO-3a), is negatively regulated via phosphorylation at T32, S253, and S315 by AKT. Phosphorylated FOXO-3a fails to enter nuclear to promote expression of FBXO32, which is an important component of E3 ubiquitin ligase complexes. Previous studies indicated that KCNMB1 (BK Ca beta 1 subunit) contains a conserved PDZ-binding motif, through which FBXO32 facilitates KCNMB1 ubiquitination and degradation [19] . Abundant superoxide anion (O 2 -) could inhibit AKT signaling pathways of diabetic vessels [20, 21] , and FBXO32 was upregulated under HS environment [22] . However, it is still elusive whether and how ROS influences functions of BK Ca channels in the offspring exposed to prenatal HS. We hypothesized that prenatal HS might affect vascular contractions in the offspring, involved in altered production of O 2 -and regulations of BK Ca channels. The data gained may provide crucial information on effects of prenatal HS on vascular functions in later life.
Materials and methods

Animals
Sixteen-week old male (280-300 g) and female (220-250 g) SpragueDawley rats were purchased from Animal Center of Soochow University and housed in a controlled environment of 22
• C under a 12
light-dark cycle with cycles of air ventilation and free access to water and standard food. After 1 week of recovery of transportation, one female rat mated with two male rats. The day vaginal plugs were detected was regarded as the first day of gestation. Pregnant rats were randomly divided into two groups (N = 20 each): the control group (CON) was fed with standard food and tap water and the HS group was provided with the same food and 20% sucrose solution instead of tap water from gestational day 1 to 21. Following delivery, all pregnant rats were provided tap water and standard rat food [23] , and pups were raised with mothers. Except drink water was different during gestation, all other living conditions and experimental conditions were the same for both groups. After weaning, male offspring rats from both groups were given tap water and standard food for 4 months. The size of litter was between 8 and 12 for both groups. N represents the number of maternal rats and n represents the number of offspring from each litter. All fetus (8) (9) (10) (11) (12) and male offspring (3-5) from each litter were used for following experiments. All experimental procedures were conducted in accordance with the SSR's specific guidelines/standards and approved by the Ethical Committee of First Hospital of Soochow University.
Measuring blood glucose and weight
After overnight fasting and water deprivation, pregnant rats (day 21 of gestation) and the male adult offspring (4 months old) were anesthetized with sodium pentobarbital (100 mg/kg, i.p.; Hengrui Medicine). Fetal blood samples were collected by decapitation. Blood samples of maternal rats and offspring were obtained from the abdominal aorta. All samples were collected into iced plastic tubes containing heparin. Blood glucose was determined by glucoseoxidase methods as reported [24] . Body weight was measured at the same time.
Measurement of blood pressure (BP)
Adult offspring were implanted with a polyethylene arterial catheter for measuring arterial pressure as described [25] . Two days after surgical recovery, the femoral arterial catheter was connected to a pressure transducer, BP was measured continuously. Baseline BP was recorded for 60 min. Then phenylephrine (PE) (10 μg/kg in 0.1 ml saline) was administrated over 1 min via the implanted catheter, and then BP was recorded for another 60 min using the data acquisition software (Power lab 16/SP and Chart 7, AD Instruments).
Measurement of vessel tone in mesenteric arteries
Mesenteric arteries were cut into rings with 3.0 mm in length and mounted on multimyograph system at 37 [29] . To ensure consistency, we compared channel open probability at a membrane potential of +50 mV. Currents were obtained at 2 kHz and digitized at 1.5-2.9 kHz. Average channel activity (NPo) was analyzed with Clampfit 10.2 software (Axon Instruments). IBTX (10 −7 mol/L) and apocynin (10 −4 mol/L) were used for the test of K + currents. The IBTX-sensitive currents (BK Ca ) were obtained by subtracting residual current after adding IBTX from the whole-cell current with Clampex 10.1.
Real-time PCR
Mesenteric arteries from offspring were homogenized. Total RNA was extracted using Trizol reagent (Takara) with manufacturer's instructions. The concentration and purity of extracted RNA was confirmed by spectrophotometer (Bio-rad). First-strand cDNA was synthesized by PrimeScript II 1st Strand cDNA synthesis kit (Takara) and the cDNA was diluted in nuclease-free water and stored at -20 • C until testing. Real-time PCR was performed in 20 μl system including 10 μl of SYBR Premix (Takara), 0.5 μl of forward primer (10 μM), 0.5 μl of reverse primer (10 μM), 1 μl cDNA, and 8 μl of nucleasefree water. The information of primer pairs was shown in . Horseradish-peroxidase-coupled rabbit anti-goat secondary antibody (1:4000, Beyotime) was used for KCNMA1 and KCNMB1. Rabbit anti-mouse secondary antibody (1:4000, Beyotime) was for NOX2 testing and a horseradishperoxidase-coupled goat anti-rabbit secondary antibody (1:4000, Beyotime) was used for the other proteins. Blots were developed using enhanced chemiluminescence detection reagents (Thermo), and specific bands were quantified using a UVP Bioimaging system EC3 apparatus (UVP, USA).
Detection of vascular superoxide anion (O 2 − )
Production of vascular superoxide anion (O 2 -) was analyzed using dihydroethidium (DHE) as a probe [30] . Mesenteric arteries from random-selected one to two male offspring of each mother were sliced in 8-μm thick sections using a cryostat. Sections were mounted on a glass slide and then incubated in Krebs-HEPES buffer containing 10 mmol/L DHE for 30 min at 37
• C in dark. Fluorescence was visualized with a fluorescent microscope (Nikon eclipse 80i) [31] . The fluorescence intensities were analyzed by the Zeiss Zen 2009 software program [28] .
Statistical analysis
Data were expressed as means ± SEM. Statistical significance (P < 0.05) was determined by t-test or two-way ANOVA analysis followed by Bonferroni, where appropriate. Curve fitting was performed with SigmaPlot 11 (Systat Software) and GraphPad Prism 5 (Graph Pad Software).
Results
Body weight and blood glucose
Though food intake and fluid intake in pregnant rats was no difference as reported [23] , the average fetal body weight at day 21 of gestation was higher in the HS group (P < 0.01, N = 10, n = 8-12, Figure 1A ). There was no difference in body weight between the control and HS adult offspring (N = 8, n = 3-5, Figure 1B ). Blood glucose was higher in the HS group for both the fetus and adult offspring (P < 0.05, N = 8, n = 3-5 each group, Figure 1C ). 
Phenylephrine-induced blood pressure responses
The baselines of mean arterial pressure (MAP) in CON and HS offspring were 107.2 ± 1.19 mmHg vs 109.6 ± 0.60 mmHg, respectively, without significant difference. Immediately following intravenous PE, MAP was significantly higher in the HS offspring than that of the control (P < 0.05, N = 8, n = 3-5 each group, Figure 2A ).
The effect of prenatal high-sucrose on phenylephrine-mediated vasoconstriction and BK Ca channels in mesenteric arteries
Concentration-dependent vasoconstrictions in both the CON and HS offspring were induced by PE. Phenylephrine-induced maximum contractions were 159.8 ± 9.09% of KCl in CON and 224.2 ± 5.53% in HS group (N = 8, n = 3-5, Figure 2B ). Pretreating vessel rings with IBTX significantly increased PE-mediated vascular contractions in CON (from 159.8 ± 9.09% of KCl to 322.9 ± 41.32% of KCl at 10 −4 mol/L of PE, Figure 2C ). Compared with CON, the effect of IBTX was weaker in HS group (from 224.2 ± 5.53% of KCl to 273.7 ± 15.06% of KCl at 10 −4 mol/L of PE) (N = 8, n = 3-5, Figure 2D ).
Whole-cell K + currents, BK Ca currents, and single-channel current affected by prenatal high sucrose
As shown in Figure 3A , whole-cell K + currents in HS VSMCs were markedly reduced (31.02 ± 2.03 pA/pF of CON vs 18.11 ± 0.60 pA/pF of HS at +60 mV; P < 0.001, N = 8, n = 3-5). IBTX inhibited partial K + currents by selectively binding to BK Ca and decreasing both the probability of opening and open time of BK Ca . Figure 3B showed that IBTX-sensitive current density (BK Ca current) in HS was significantly lower than CON (24.33 ± 2.791 pA/pF of CON vs 9.02 ± 0.53 pA/pF of HS at +60 mV; P < 0.001, N = 8, n = 3-5), indicating that activity of BK Ca was reduced following prenatal HS. Figure 3C showed that NPo of single BK Ca channel in HS was decreased, which might result from shorter open time and longer close time.
The effect of maternal high sucrose on the expression of BK Ca alpha, beta 1 subunits
As shown in Figure 4A , the mRNA levels of mesenteric arterial Kcnma1 and Kcnmb1 were decreased in HS group (P < 0.01, N = 8, n = 3-5). Similarly, western blot analysis showed that the protein expressions of KCNMA1 and KCNMB1 were significantly reduced in the vessels from the HS group (P < 0.01, N = 8, n = 3-5, Figure 4B ).
Prenatal high sucrose increased O 2 − production and altered the expression of NADPH (NOX1, 2, 4) and SOD1
Oxidative stress caused by excess ROS could impair BK Ca channels that are crucial to the regulation of vascular tone [12, 32] . The superoxide anion (O 2 − ) was an integral element of ROS; thus, its production in mesenteric arteries was tested. Figure 5A and B showed that the production of O 2 − was enhanced in the arterial wall of HS group compared to that of CON (P < 0.01, N = 8, n = 1-2). NADPH oxidases (NOX) are main source of O 2 − generation in the vasculature [33, 34] . Among the NOX family, there are NOX1, NOX2, and NOX4, mainly expressed in the VSMCs. As shown in Figure 5C , the expression of NOX4 was significantly elevated in HS group (P < 0.01, N = 8, n = 3-5). However, the expressions of NOX1 and NOX2 showed no difference between CON and HS groups. SOD, a superoxide dismutase, is a key enzyme in the metabolism of O 2
−
. Among three forms of SOD, SOD1 was located in the cytoplasm and outer mitochondrial membrane, 
channel (BKCa) inhibitor (IBTX) enhanced PE-induced constriction of CON (C) and HS (D)
. N = 8, n = 3-5. * P < 0.05, * * P < 0.01, * * * P < 0.001.
defensing against ROS. Figure 5C showed SOD1 of HS was reduced (P < 0.01, N = 8, n = 3-5).
The effect of apocynin on phenylephrine-induced contractions and functions of BK Ca channels
Apocynin inhibits NOX activity in preventing production of superoxide. Between the presence and absence of apocynin, PEinduced maximum vasoconstriction showed no significant difference in CON, while that was decreased in HS group (from 224.2 ± 5.53% KCl to 153.5 ± 25% KCl at 10 −4 mol/L PE) ( Figure 6A and B). When comparing effects of IBTX on vasoconstriction in the presence or absence of apocynin, preincubation with apocynin enhanced extent of IBTX-raised vasoconstriction in HS group ( Figure 6D ), indicating that partial activity of BK Ca channels in HS group was ameliorated by apocynin.
The effect of apocynin on BK Ca currents and single-channel current
Compared with slight influence of apocynin on BK Ca currents of CON VSMCs (24.85 ± 2.13 pA/pF at +60 mV) ( Figure 7A ), BK Ca currents of HS were elevated by apocynin (from 9.02 ± 0.53 pA/pF to 16.30 ± 1.23 pA/pF at +60 mV, P < 0.05) ( Figure 7B ). To single current, open time of HS was restored by apocynin while close time was still longer than that of CON ( Figure 7C ). Thus, although NPo of HS single current in the presence of apocynin was increased, it was lower than that of CON.
The expression of AKT, phospho-AKT, and FBXO32
Reactive oxygen species could affect functions and expression of BK Ca channels through AKT/FBXO32 signaling pathway [6] . Figure 8A showed the expression of phospho-AKT, not total AKT, was markedly reduced in HS group, resulting in a decrease of phospho-AKT/ AKT ratio of HS vessels compared to that in CON ( Figure 8B , P < 0.01, N = 8, n = 3-5). Figure 8C showed the mRNA level of Fbxo32 was increased in HS group (P < 0.05, N = 8, n = 3-5), indicating that prenatal HS affected AKT/FBXO32 signaling pathway, and impaired BK Ca channels.
Discussion
In this study, fetal body weight in the HS group was higher than that in CON, and no difference in weight was observed between the adult offspring groups. Fasting blood glucose of HS offspring was elevated, and MAP sensitivity to PE in HS offspring was increased, suggesting that prenatal insult induced metabolic changes and affected cardiovascular functions in later life. Although basal blood pressure was unchanged in the offspring, PE-stimulated pressure responses were higher in the HS offspring in vivo. In study of possible mechanisms involved in the increased PE-induced blood pressure, we found that NOX inhibitor apocynin decreased PE-induced vascular contractility in mesenteric arteries, and enhanced BK Ca currents density in the VSMCs of the HS offspring. This study found altered contractile responses in mesenteric arteries of the adult offspring exposed to prenatal HS diets, which was closely linked to abnormal ROS metabolism and AKT/FBXO32-dependent downregulation of BK Ca alpha, beta 1 subunits in VSMCs.
BK Ca in the control of vascular tone
Previous work showed that prenatal high-sugar diets may lead to cardiovascular dysfunction in the offspring via regulating The mRNA level (A) and protein expression (B) of BKCa alpha subunit (KCNMA1) and BKCa beta 1 subunit (KCNMB1) in mesenteric arteries from adult offspring. Both mRNA and protein expression were normalized to reference beta-actin (ACTB) and expressed relative to CON. Messenger RNA data were analyzed using the threshold cycle (Ct) relative quantification method (2 (− Ct) ). N = 8, n = 3-5, * * P < 0.01, * * * P < 0.001 vs. CON.
renin-angiotensin system or nitric oxide (NO) [26, [35] [36] [37] [38] . This study demonstrated that PE-mediated BP and vasoconstrictions were increased in mesenteric arteries of the HS offspring. The enhanced pressure response by PE in vivo could be caused by altered vessel functions in the resistance arteries.
Ion channels play a central role in the regulation of vascular tone. K + channels are regarded as the dominant ion conductive pathways in VSMCs [39, 40] . Opening of K + channels could result in outflux of potassium of the cells and membrane hyperpolarization, as well as vasodilatation, while closure of K + channels causes to less K to membrane depolarization and vasoconstriction [39] . In this study, following pretreating vessel rings with IBTX, IBTX-increased vasoconstriction in the HS offspring was weaker than that in CON, indicating some of BK Ca channels in HS might be inactivated. In addition, BK Ca currents of mesenteric VSMCs in HS were inhibited, and NPo of single BK Ca channel in HS was reduced with shorter open time and longer close time. Molecular experiments demonstrated decrease of mRNA and protein expression of BK Ca alpha and beta 1 subunits in HS group, contributing to reduction of activity of BK Ca channels. Those data suggested that abnormal BK Ca channels play a key role in enhanced PE-induced vasoconstriction in HS.
Reactive oxygen species inhibit activity of BK Ca
High level of blood glucose could lead to excessive ROS [6, 19] . This study suggested that O 2 -was increased in mesenteric vessels of HS offspring. Superoxide is produced in large quantities by NOX and eliminated by SOD. In NOX isoforms, NOX1, NOX2, and NOX4 have been identified in VSMCs [41] . Notably, high glucose environment can increase PKC-dependent NOX activity acutely and chronically in both VSMCs and endothelial cells [42] . Overexpression of NOX4 could increase NADPH-dependent ROS production [43] and affect vascular functions via inhibiting BK Ca channels [6, 12, 19, 34] . In hypertensive pulmonary artery from rats, the expression of NOX4 was increased, and hypertension could be recovered by NOX4 inhibitor [44] . In this study, protein expression of NOX4 was elevated in HS offspring, while SOD1 was inhibited, which might result in abnormal ROS levels in HS. BK Ca current density, open rate, and vasoconstriction inhibited by excessive ROS in HS could be partially restored by NOX inhibitor apocynin, indicating that prenatal HS-enhanced vascular contractions in the offspring were involved in overproduced O 2 -and downregulation of BK Ca channels.
Underlying mechanism regulating BK Ca by reactive oxygen species
Regarding underlying pathways responsible for inhibition of BK Ca channels in HS offspring, we tested AKT/FBXO32 signaling route that played an important role in oxidative stress-induced damages to BK Ca channels. The overproduced O 2 -, stimulated by the increased NOX4, inhibited AKT signaling in diabetic vessels [20, 21] . This study exhibited that the protein of phospho-AKT was downregulated in the HS group, without altering total AKT levels. Phosphorylated AKT could indirectly inhibit transcription of Fbxo32 by holding FOXO-3a in cytoplasm instead of entering nuclear. Furthermore, the mRNA of Fbxo32 was increased in the HS group. FBXO32 facilitates KCNMB1 ubiquitination and degradation; therefore, AKT/FBXO32 might participate in decrease of BK Ca expression in HS mesenteric arteries.
In this study, NPo of single BK Ca channel was decreased, and there might exist other pathways through which prenatal HS influenced the activity of BK Ca . Interestingly, the effect of L-Name (eNOS inhibitor) on vascular tension was significantly weaker in HS group (Supplementary Figure S1A) , suggesting that the NO functions or pathways in the endothelium of mesenteric arteries might be injured in HS offspring, contributing to the hypercontractility of HS vessels. Moreover, expression of NOS3 (eNOS) and PKG-1 was found downregulated (Supplementary Figure S5B) , which might alter activity of BK Ca channels via altering cGMP-dependent [Ca 2+ ]i or PKG-1-dependent phosphorylation of BK Ca alpha subunit. In addition, previous studies proposed that L-type Ca 2+ channels were affected by HS diets during pregnancy [26, 45] , which might further suppress BK Ca via [Ca 2+ ]i. On the other hand, mRNA expression of BK Ca was downregulated. Therefore, relative transcriptional regulation factors or epigenetic modification could be altered by prenatal HS. More details for prenatal HS affected BK Ca need further investigation. About fetal origin cardiovascular disease caused by prenatal high sugar, there are still many questions remained to answer. This study focused on male offspring only and it is worthy to determine if there would be different responses between female and male offspring exposed to prenatal HS. In summary, this study revealed that maternal HS diets increased vasoconstrictions in response to PE in mesenteric arteries of the offspring. The inhibitory effect on whole-cell currents through BK Ca might be a result of NOX-dependent overproduction of ROS. The new data gained suggest that suppression of BK Ca channels might be linked to AKT/FBXO32 pathway. Overall, new information obtained from the in vivo and in vitro study highlighted the possible underlying mechanisms in the vascular disease following exposure to HS intake during pregnancy. Furthermore, the results provide new ideas for early prevention of vascular diseases in developmental origins.
Supplementary data
Supplementary data are available at BIOLRE online.
Supplementary Figure S1 . The western blot for KCNMA1 (A), KCNMB1 (B), and reference protein ACTB (C) in mesenteric arteries of adult offspring from HS and CON. KCNMA1 predicted MW: 137 kDa and 65 kDa. KCNMB1 predicted MW: 22 kDa, glycosylated KCNMB1:26-37 kDa. Figure S2 . The western blot for NOX1 (A), NOX2 (B), NOX4 (D), and reference protein ACTB (C, E) in mesenteric arteries of adult offspring from HS and CON. NOX1 predicted MW: 65 kDa, isoform of NOX1 predicted MW: 60 kDa. NOX2 predicted MW: 65 kDa. NOX4 predicted MW: 67 kDa, NOX4 was with 9 isoforms, including four isoforms with MW ranged from 58-64 kDa (http://www.nuniprot.org/). The bands in (D) were two isoforms of NOX4, the larger one was the target for analysis.
Supplementary
Supplementary Figure S3 . The western blot for SOD1 (A) and reference protein ACTB (B) in mesenteric arteries of adult offspring from HS and CON. SOD1 predicted MW: 16 kDa.
Supplementary Figure S4 . The western blot for AKT (A), phosph-AKT (p-AKT) (B), and reference protein ACTB (C) in mesenteric arteries of adult offspring from HS and CON. AKT and p-AKT predicted MW: 56 kDa.
Supplementary Figure S5 . The effect of prenatal high sucrose on endothelial nitric oxide synthase in mesenteric arteries. (A) The concentration-response curves of PE-mediated contractions in presence of NOS3 inhibitor (L-name). N = 8, n = 3-5, # , P < 0.05 (B)
Expression of NOS3, GUCY1B1 (guanylate cyclase 1 soluble subunit beta 1), GUCY1B3 (guanylate cyclase 1 soluble subunit beta 3), and PKG-1. N = 8, n = 3-5, * * , P < 0.01, * * * , P < 0.001 vs. CON.
